Abstract This review aims to update the reader with current thinking and research related to the well documented phenomenon of squeaking hip arthroplasties. The etiology of squeaking is multifactorial and still not well understood. We aim to share our own experience and views on the combination of factors we believe increases the likelihood of squeaking, along with mechanisms by which the sound may be generated. Recent published findings from other groups are summarized along with an appropriate management algorithm we recommend for this cohort of patients.
Introduction
Squeaking total hip replacements are not a new phenomenon; the first in vivo reports were of Judet's acrylic hemiarthroplasty in the 1950s [1] . Sir John Charnley noted in vitro squeaking whilst testing Boutin's ceramic on ceramic bearings in his 'pendulum friction comparator' [2] . Squeaking is well documented in medical literature following a total hip replacement. Other noises are grinding, snapping, and clicking. Typically, squeaking occurs within the first 2 years postoperatively and is not associated with pain or loss of function [3] .
Though a well-documented phenomenon, the etiology of squeaking is still under debate. In an attempt to identify reasons why it happens, this review article focuses on current literature concerning the topic along with our own observations and advice on managing affected patients.
What is a squeak?
A squeak is defined as a vibration within an audible range. It requires an impulse which can then be amplified or dampened. The impulse at the bearing surface of a hip replacement is friction and this is amplified by vibration of the components.
Squeaking and bearing surfaces
Squeaking is generally a problem of hard on hard bearings. Excellent clinical and radiological results have been observed with these bearings, though more recently there has been concern over metal-on-metal large diameter hip replacements and resurfacings with regard to metal ion levels, ALVAL, and pseudotumor formation.
The incidence of squeaking in ceramic on ceramic hip replacements varies in previous reports and ranges from <1%-20.9% [4] [5] [6] [7] [8] . The incidence of revision of these hips is substantially lower, however, as clinically squeaking is rarely troublesome enough for the patient to warrant further surgery.
With metal on metal bearings, squeaking is less frequently reported. The incidence is between 4% and 10% [9, 10] and appears to occur transiently or is more short term in duration. This may be due to a 'running in' phase with flattening of surface asperities. We believe impingement can create a sharp ridge adjacent to a wear patch, which causes increased friction. Over time this is subsequently worn away and the friction diminishes. We do not know if metal on metal squeaking is an underreported phenomenon, or if it actually has a lower incidence than squeaking between ceramic bearings.
Squeaking has also been reported in isolated cases of patients with hard on soft bearings where failure of the polyethylene liner has led the ceramic or metal head to articulate directly with the metal acetabular shell [11, 12] , and with ceramic liner fractures [13] or in the presence of ceramic debris [14] .
Causes of squeaking
The causes of hip squeaking appear to be multifactorial requiring a certain combination of interaction between patient, implant, and surgical factors.
We looked at a group of patients with squeaking ceramic hip replacements, and when comparing with a control group, found associations including younger age, increased weight, height, hip range of motion, and activity levels [7] .
Squeaking is associated with certain activities, such as walking, bending, and rising from a low sitting position. This indicates that noise is produced with either cyclical movement during the gait cycle or during extreme flexion of the hip in bending.
Increased patient weight is thought to predispose to squeaking through increased mechanical loading of the joint, though obesity alone is not associated [7] .
Implant position factors such as high or low anteversion and increased inclination have been shown to have a higher association. We believe that these cup positions lead to impingement and edge loading.
Implant design factors have also been implicated with squeaking. The elevated rim of the Trident (Stryker Orthopaedics, Mahwah, NJ) device has been associated with higher than normal rates of squeaking [15•] , possibly due to the reduced range of motion it allows which in turn increases the risk of edge loading and rim impingement.
Increased rates of squeaking have also been reported with certain pairs of implants such as with the Trident acetabular component and Accolade stem (Stryker Orthopaedics, Mahwah, NJ). The rate is significantly lower when the Trident device is paired with an Omnifit (Stryker Orthopaedics, Mahwah, NJ) stem, all 3 implants are manufactured by Stryker [16] .
The Accolade stem is manufactured from a titanium metallic composite containing higher amounts of Zr, Mo, and Fe. The differing incidence of squeak between may be related to amount of wear debris, stems shape, or stiffness. Material composition is also believed to be important as squeaking has been reported with mismatched bearings where a zirconium ceramic head was coupled with an alumina ceramic liner [17] .
Mechanisms of squeaking

Stick slip
The vibrations that initiate squeaking are caused by stick slip friction. This was initially described in metal on metal hip replacements [18] and can also occur between ceramic bearings. Under ideal conditions, hard on hard bearings are assumed to operate under conditions of fluid film lubrication with very low friction [19] . If this fluid film breaks down, there is a substantial increase in friction as a result of sliding contact. With motion, a rotational force overcomes the static frictional force causing acceleration and deceleration of 1 surface with respect to the other, manifesting in vibrations and sound radiation [20, 21•] .
Edge loading and stripe wear
The frictional force of a ceramic-on ceramic (CoC) bearing under optimal lubrication conditions is too low to initiate stick-slip. During the manufacturing process, ceramic liners are ground and polished to specification after sintering to obtain the finest surface possible. This creates a hard, sharp edge a few millimeters in from the rim of the component. Edge loading occurs when the hip contact force vector moves over this hard edge, causing both surfaces to damage secondary to increased contact stress. This manifests as a long, narrow roughened pattern of damage on the head termed stripe wear.
Measurement of the location and orientation of stripe wear suggests edge loading occurs with subluxation of the head over the hard posterior edge with the hip in deep flexion [22] .
Edge loading wear is common in CoC bearings, however, the clinical consequences are minimal. Posterior edge loading can occur with well positioned acetabular components, in particular in patients who are active with a good range of motion. Squeaking has been associated with posterior edge loading and we have seen this occur in patients who had high levels of edge wear in retrieved alumina ceramic bearings [23•] .
Anterosuperior edge loading occurs less commonly but may be more clinically significant. The volume of wear particles is higher compared with posterior edge loading in CoC hips and if squeaking is associated, it is more persistent as it occurs during walking and when the hip is in full extension.
The lack of lubrication during edge loading combined with the damaged bearing surface may be sufficient to generate stick-slip conditions but other mechanisms have also been proposed, such as metal transfer to a ceramic head [24] , starvation of lubricant [25] , and debris between bearing surfaces [26] .
Rim impingement
Certain implants have an elevated metal backing to prevent the ceramic liner from impinging or chipping and fracturing during insertion. This may be a contributing factor to impingement between the neck of the femoral implant and the elevated rim of the socket, causing metallosis. This will be exacerbated if there is excessive socket anteversion or retroversion when the implants are seated along with increased ligamentous laxity or hip range of motion [27] .
Liner seating A well seated ceramic liner in a titanium shell appears to take on the resonant characteristics of ceramic which is above the audible range when we have subjected ceramic bearing couples to acoustic analysis. A series by Langdown et al. [28] demonstrated 19% incidence of incomplete seating of ceramic liners within the Trident shell. It is possible that incomplete seating of the ceramic liner, results in the titanium shell resonating at its normal frequency, which is 4300 to 9800Hz and within the audible range for a squeak.
In addition to this, Jarrett et al. [29] demonstrated that for the same liner size in CoC hips, thinner sockets were more likely to squeak, possibly due to deformation on insertion, predisposing the incomplete liner seating.
Acetabular component orientation
We have found that high acetabular component anteversion has been associated with squeaking [30•] . Patients in our retrieval study demonstrating high-wear anterosuperior edge-loading and squeaking hips all had anteversion > 22å nd an increased cup inclination angle >55˚ [30•] . The optimum acetabular position appears to be highly dependent on patient range of motion and so in general may be different for each patient.
Another retrieval analysis from our group [23•] suggests the classic square 'safe zone' [31] of acetabular implant position does not apply to CoC bearing surfaces. Closed and retroverted cups had a higher association of posterior edge loading, impingement, and squeaking, also found in the recent Delta Motion (De Puy, Warsaw, Indiana) study by McDonnell et al. [32] .
Fourth generation CoC bearings and squeaking
New implant designs, in particular those involving ceramic bearings, need to consider edge loading. This is particularly the case with larger diameter devices that are also associated with an increased frictional torque. Frictional torque has been used as an explanation for the damage observed at the modular junctions of large diameter devices with support from studies involving hard on soft [32] , and hard on hard bearings [33] .
The Delta Motion (De Puy, Warsaw, Indiana) device is the first pre-assembled, monoblock, large diameter, fourth generation CoC bearing. Its design features have the potential to reduce the incidence of squeaking, yet a recent study reporting on 208 consecutive cases with a mean follow-up of 21 months revealed reproducible squeaking in 12.5% [34••] . This is comparable with previous reports of other CoC total hip replacements but higher than the authors expected.
Our own experience of this implant, which is yet to be published includes 206 consecutive cases with a 7.3% rate of hips that squeaked, all reproducible in deep flexion only whilst the patients were weight bearing. All the squeaking hips occurred with head sizes of 44 mm and above or where the liner was 54 mm or above. Ein-Bild-Roentgen-Analysis (EBRA) of cup inclination and anteversion showed no difference between the squeaking and silent hips. Only 1 stem, the Securfit (Stryker Orthopaedics, Mahwah, NJ) was used for all our patients and this may explain the lower rate of squeaking as it is a relatively more rigid stem. Increased rigidity can result in a reduced ability to resonate or amplify the vibrations occurring at the articular interface into an audible squeak.
We previously published a series of 2406 patients where 74 squeaking hips (73 patients) were identified, giving an incidence of 3.1% at a mean follow-up of 9.5 years (4.1 to 13.3) [30•] . A third generation ceramic Biolox forte (CeramTec, Plochingen, Germany) was used in the majority of cases and though the largest available head size was always used, they were still smaller than those used with the Delta Motion component.
In this series, taller, heavier, and younger patients were significantly more likely to have hips that squeaked. Squeaking hips had a significantly higher range of postoperative internal and external rotation compared with silent hips. Patients with squeaking hips had significantly higher activity levels. A squeaking hip was not associated with a significant difference in patient satisfaction or Harris hip score. Four implant position factors enabled good prediction of squeaking. These were high acetabular component inclination, high femoral offset, lateralization of the hip center and either high or low acetabular component anteversion.
The difference in squeaking rate between this study and the more recent published Delta motion study [34••] , and indeed out own unpublished work could be due to 3 different factors: head size, type of ceramic and acetabular component morphology.
Choi et al. [35] have also shown that squeaking is more common in large ceramic heads. Interestingly though McDonnell et al. [34••] found a smaller head size increased the risk of squeaking. They believe a smaller head neck ratio exacerbates edge loading and impingement, but agree ligamentous laxity and increased range of motion were associated with higher rates of squeaking.
The Delta Motion implant is a fourth generation ceramic and to date we are unaware of any studies comparing rates of squeaking between third and fourth generation ceramics.
Finally, the Delta Motion cup is a thinner component (2mm titanium shell with a 3mm ceramic liner giving a 5mm wall thickness) compared with standard ceramic liners and this less rigid construct may result in an increased ability to resonate or amplify the vibrations occurring at the articular interface into an audible squeak. This explanation can be supported by acoustic and finite element analyses [36] revealing stiffness mismatch between shell and liner, which may allow the shell to oscillate producing an audible squeak. Acoustic and modal analysis show that the natural frequencies of the ceramic components are above the audible range, suggesting that resonance occurs in the metallic part.
Metal on metal hips and squeaking
Squeaking has become a more clinically relevant topic over the last 8 years in the literature and in general has primarily revolved around ceramic on ceramic bearings.
Squeaking is less reported with metal-on-metal hips whether large or small diameter bearings and it is unclear why this may be.
A prospective series of 230 hip resurfacings included 3.9% squeaking hips at a mean follow-up of 3 years and 5.3% squeaking hips at a mean follow-up of 5 years [9] .
Our own study [37] looked at 290 metal on metal hip resurfacing patients and found 3.4% reported audible squeaking postoperatively. Of these 10 patients, 8 had the Birmingham Hip Resurfacing System (Smith & Nephew, Memphis, TN) and 2 MITCH TRH (Stryker, Orthopaedics, Mahwah, NJ) resurfacings. None of the cases were revised for noise alone as per the patient's wishes. 8 of the 10 patients had well positioned components according to AP radiographs though we were unable to measure anteversion at the time. It would be useful to revisit these cases to remeasure inclination and anteversion with the latest validated software such as EBRA [38] .
In vitro friction stimulator tests have demonstrated the incidence of squeaking in metal on metal bearings is highest with larger diameter bearings [39] . Higher friction was associated with these larger bearings suggesting the squeaking is associated with a less effective lubrication model. Ultrasound was used in this study to demonstrate thinner lubricating films were associated with larger clearance bearings.
However, in 2008, the Australian Orthopaedic Association National Joint Registry identified an increased risk of revision in resurfacings as the size of the components decreased, irrespective of gender [40] . Resurfacing acetabular components have an articular arc of coverage, which is less than a hemisphere (180˚). Smaller components have a more lateralized center of rotation and a reduced articular arc [41] . It is believed that this can increase the risk of edge loading, which may in turn be associated with increased wear, failure, and possibly squeaking. Smaller components in theory may also provide a less favorable environment for fluid film lubrication as they generate a reduced sliding velocity when compared with larger diameter components [42] . We are currently investigating the relationship between component size and risk of squeaking in metal on metal hip resurfacings.
Managing the patient with a squeaking hip
There is currently no recognized classification for squeaking or sound generation in hip replacements or hip resurfacings that we are aware of. The sounds can be recorded and classified according to the characteristics of the signal they emit but in clinical practice this may be difficult. We suggest a more clinical approach based on frequency of patient symptoms, associated hip movement, and bearing combination used.
Ceramic on ceramic bearings
Benign squeaking This is the most common form of squeaking encountered and is most likely associated with posterior edge loading. The patient usually experiences no pain, and hip function is not affected. They do notice intermittent squeaking, which is usually brought on with a specific activity (bending while weight bearing) and well tolerated. The components are well positioned in these cases and there is little or no wear. This can usually be avoided by counseling the patient to externally rotate the foot while weight bearing.
Problematic squeaking
This form is very rare. Patients may experience pain and describe the noise as being 'intrusive' with every step and may affect hip function. The components are usually malpositioned and associated with high wear secondary to anterosuperior edge loading.
Metal on metal bearings
We have found that squeaking in metal on metal hip replacements and resurfacings is generally intermittent [37] . It is often associated with loading the hip in an extreme position that the patient does not often perform. Typical activities are squatting or bending forwards to pick a heavy object.
Often the squeaking will settle after a period of time and we believe that this coincides with flattening of a raised ridge adjacent to the wear patch on the component. Squeaking can return when the patient attempts the same activity again, but it does not appear to be as reproducible as seen with ceramic on ceramic squeaking.
Rare squeakers
These patients report a single event that lasts up to a day and is not reproducible with the same activity.
Episodic squeakers
These patients have episodes of squeaking that last longer, typically up to a few days before settling and are often difficult to reproduce with activity.
Persistent squeakers
Patients in this subgroup can demonstrate regular squeaking after certain activities such as bending forwards to reach for an object, or even after long walks.
Other noises
Theoretically all bearings couples can be involved with noise generation in hip replacements. Practically, however, noises are observed nearly exclusively in hard-on-hard articulations with no studies found reporting the incidence of squeaking in hard-on-soft bearings.
During the normal gait cycle, the bearing surfaces of a total hip replacement can separate and with hard on hard bearings, a hardlanding can occur at heel strike manifesting itself to the patient as a pop or a snap. One study has, however, shown a clear correlation between separation of the bearings and squeaking [43] . Soft tissue impingement or sliding such as a snapping iliotibial band can also generate noise other than squeaks. Clunks, clicks, or knocks can be defined by the dominant frequency of the sound wavelets generated. Certain noises such as grating are believed to be compound sounds made up from a combination of different sounds. 
Imaging
All patients require radiographs of the hip to exclude any obvious malpositioning, implant failure or fracture. We recommend that all patients with 'problematic' squeaking also have a CT scan of the pelvis to exclude ceramic liner fracture, which may not be obvious on plain radiographs. The orientation of the components can also be assessed more accurately for both inclination and anteversion.
Treatment
A squeaking hip is not associated with a significant difference in patient satisfaction or Harris Hip Score. When squeaking is infrequent and function is not impaired, patients can be reassured and counseled on activity modification and monitored closely during follow-up. In the great majority of patients with squeaking hips, surgical intervention is not required. Most squeaking can be reduced by modifying the foot into an externally rotated position on bending while load bearing.
Very rarely surgery is recommended for persistent or troublesome squeaking, severe malpositioning of components, failure of the implants (including fracture), impingement and subluxation, and pain. At the time of surgery, component malposition and soft tissue or bony impingement can be corrected and soft tissue tension can be optimized. If necessary the bearing can be changed during surgery to another CoC or to a ceramic-on-polyethylene bearing with a titanium sleeve to go over the trunnion of a well fixed femoral stem which protects it and offers neck length modularity. We have found excellent rates of survival, function, and high levels of patient satisfaction in 165 such cases at a mean of 4.8 years [44•] . We recommend using the fourth generation Delta ceramic wherever possible as it has a lower reported rate of fracture than Alumina ceramic [45] . Our recommended treatment algorithm is summarized below in Figure 1 .
Conclusions
The precise mechanics behind the production of sound by a squeaking hip replacement remains unknown. Though squeaking is a multifactorial phenomenon, certain factors such as component position are within the surgeon's control.
In general it is believed there is a breakdown of fluid film lubrication by a combination of the above described mechanisms, though abnormal edge loading seems the most likely explanation. However, the majority of implants where edge loading occurs do not squeak and the reasons behind this are still unclear.
Squeaking in MoM hips is still poorly understood. It also appears to be multifactorial just as in CoC hips though bearing clearance and bearing size appear to play a more prominent role than component orientation.
In general it appears squeaking is related to adverse tribological conditions caused by suboptimal lubrication and elevated friction. The role of head size with larger diameter MoM and CoC bearings needs to be further evaluated.
The long term consequence if any, of squeaking in hard on hard bearing hip replacements also needs to be investigated. However, after analysing alumina components retrieved from squeaking hips [46•] , it is our belief that squeaking CoC bearings are associated with increased wear rates.
Catastrophic anterosuperior edge loading of the early generations of ceramic associated with squeaking has not yet been seen with the latest generation of Biolox Delta, but these newer bearing surfaces need to be further evaluated, along with the role implant design has with regard to squeaking.
At present, all patients undergoing total hip replacement should be counseled about the risk of squeaking, but ceramic-on-ceramic bearing surfaces in particular remain an attractive option because of the extremely low wear rates and low prevalence of osteolysis [47] .
